The evolution of in-fiber Bragg gratings' contrast and resonance wavelengths caused by molecular hydrogen loading and subsequent heat treatment in a hydrogen atmosphere at a pressure of 8 MPa is experimentally studied. Changes in the gratings' transmission spectra brought about by room-temperature hydrogen loading followed by isochronal annealing cycles at temperatures up to 700°C and at invariable hydrogen pressure are recorded in situ. The gratings' thermal decay dynamics in hydrogen ambience and in air are found to be different and dependent on the gratings' type and on the type of glass in the fiber core. In light of the data obtained, the origin of type IIa gratings is anew under discussion.
Introduction
Saturation of a silica-based optical fiber with molecular hydrogen is known to serve as an effective tool to affect the fibers' properties. It is established, for example, that penetration of H 2 molecules in the core region of a Ge-doped silica fiber causes stress relaxation in the core-cladding interface. 1 In pure-silicacore fibers the presence of molecular hydrogen favors a decrease in losses induced by intense ultraviolet light pulses 2 and by exposure to ionizing radiation. 3 Finally, hydrogen loading of Ge-doped silica-core fibers significantly enhances their photosensitivity. The desired grating's contrast in such hydrogenloaded fibers can be obtained two orders of magnitude faster, with other writing conditions being equal. 4 Molecular hydrogen dissolved in glass affects most properties of the optical fiber because of the chemical reactions of the H 2 molecules with the defects and͞or regular species of the glass network. These reactions are irreversible. They lead to modification of the glass network by means of building in hydrogen atoms and are accompanied by the formation of OOH, SiOH, and other hydrogen-containing groups if the glass is doped. A particular role in these reactions belongs to active defects present in the glass, which enter into reactions with the H 2 molecules already at room temperature. 5 As a rule, reactions with a regular species of the network are activated at elevated temperatures. Kinetic parameters of these reactions depend on the glass composition in the fiber core. 6 In addition to the irreversible effects associated with the chemical and photochemical reactions of molecular hydrogen with glass, there are also reversible effects caused by the immediate dissolution of H 2 in glass. The latter can be illustrated by the appearance of additional peaks in optical absorption and Raman scattering spectra 7 and by the increase of the refractive index. 8 In the view of the above considered effect of H 2 on glass properties, the response of in-fiber Bragg gratings (resonance wavelength and reflection coefficient) to soaking in molecular hydrogen is of interest for the following reason. Whereas a significant defect concentration 9 and additional mechanical stress 10 are induced by UV radiation in the exposed parts of doped glasses of a fiber core during Bragg grating writing, one can expect that the interaction of H 2 molecules with these active parts of the glass network would lead to a change in the gratings' parameters. Thus tailoring the behavior of the gratings' parameters in hydrogen ambience, one can use H 2 as a tool to investigate the peculiarities of the photosensitivity mechanisms intrinsic to the various types of fiber. To the best of our knowledge, such a problem was first formulated and addressed in Ref. 11 .
In this work we present and discuss in more detail experimental data regarding the effect of molecular hydrogen penetration into optical fibers on the properties of the Bragg gratings previously written in them without hydrogen loading. Among other important factors motivating the performance of our experiments is a practical need for getting data on the Bragg gratings' behavior in H 2 ambience. Such a need is explained by rapid progress in the application of Bragg gratings in optical fiber sensor systems, designed to operate, for instance, in conditions of oil and gas wells and to control fuel tanks and facilities. For such applications the presence of hydrogen and elevated temperatures are inevitable external factors to take into account in the sensor system's design and exploitation.
We test gratings written in Ge-and N-doped silicacore fibers, with writing conditions being equal. One can distinguish three differences between these fibers and the gratings in them that are essential for this study.
The first important feature for application is a higher resistance to the heating of the Bragg gratings written in N-doped fibers. Unlike Bragg gratings written in Ge-doped silica-core fibers, which decay when heated to 600°C in air for several minutes, their counterparts written in N-doped fibers can withstand heating to 1000°C for several hours. 12 The second difference consists of an opposite effect of preliminary hydrogen loading on the photosensitivity of the fibers under consideration. Although H 2 loading of Ge-doped silica-core fibers is known to enhance the Bragg gratings inscription rate by at least two orders of magnitude, for N-doped silica-core fibers, according to Ref. 13 , it significantly damps the Bragg grating inscription rate, which restores only with a H 2 outcome.
Third, these two types of fiber differ with respect to heating in a hydrogen atmosphere. According to Ref. 6 , thermally activated optical absorption growth associated with the formation of GeOOH groups already becomes notable at a temperature of ϳ200°C when heating a 1 m piece of the fiber in a hydrogen atmosphere whose core glass contains 26 mol. % GeO 2 . At the same time, for a N-doped silica fiber with the same numerical aperture ͑4 at. % of N͒, this temperature is ϳ400°C, with all other factors being equal. Besides, hydrogen incorporation in the network of N-doped silica is accompanied by the predominant growth of the optical absorption associated with SiONH overtones.
Both types of fiber used in our experiments permit imprinting type I and type IIa gratings in them. Type IIa gratings 14 are usually formed in heavily doped silica-core fibers not loaded with hydrogen. Type IIa gratings arise from type I gratings at a more extended UV exposure. Their formation is accompanied by a contrast decrease of type I gratings induced in fibers at the first stage of UV exposure. A specific feature of type IIa gratings is their higher temperature resistance.
There are various considerations concerning the origin of type I and type IIa photosensitivity. It is found, in particular, that the conversion from type I to type IIa gratings in Ge-doped silica-core fibers is accompanied by a change of the fiber core glass elastic stress sign. 10 This and other experimental data 15 often lead to the conclusion that, in Ge-doped silica fibers, type I grating formation is associated with a photoinduced compaction and the formation of type IIa gratings is associated with glass expansion in the fiber core. Type IIa grating formation in N-doped silica-core fibers is explained by the photoenhanced diffusion of nitrogen to the cladding region. 16 As a result, periodic modulation of the nitrogen concentration arises along the fiber, thus forming a geometrical structure responsible for type IIa grating growth. Generally, the problem of a logical, not controversial, physical description of the photosensitivity phenomenon in optical fibers, and, specifically, the effect leading to type IIa grating formation, is still there for discussion. 17, 18 That is why a behavior comparison study of these two grating types under heat treatment in a hydrogen atmosphere has also made up an integral part of the current research.
Experiment
Experiments are carried out in a special vessel designed for monitoring the fibers' transmission spectra evolution brought about by annealing in a H 2 atmosphere at an invariable pressure of up to 15 MPa. 6 The vessel comprises a high-pressure bulb in the form of a tube connected to two stainless steel cavities (buffer volumes) equipped with sealed fittings for fiber pigtail draw out and points for the gas inlet and outlet as well as pressure control. A piece of fiber with a Bragg grating is placed in the tube, and its ends are drawn out through the fittings. This allows us to connect the piece of fiber with the grating to an optical scheme ( Fig. 1 ) and to control in situ changes occurring in its transmission spectrum. A gas temperature in the tube with the gratings can be maintained at a given level up to 700°C with a Ϯ5°C inaccuracy by means of an external heater, with the pressure in the vessel being practically unchanged.
Spectral variations are characterized by shifts in B (Bragg wavelength) and the normalized integrated couple constant 19 (NICC) defined as
where n eff is an effective refractive index for the propagating mode, ⌳ is a spatial grating's period, and R 0 and R are the initial and current grating's reflection coefficient at ϭ B. Expressing reflection coefficients at resonance wavelengths in terms of fiber core refractive index modulation ͑␦n͒ in the region of the grating, one can show 20 that NICC Ϸ ␦n͞␦n 0 reflects a relative change in ␦n or, in other words, a change in the grating's contrast. The key characteristics of fibers and gratings used in our experiments are listed in Table 1 . Fibers are drawn from preforms synthesized by the surface plasma chemical-vapor deposition (SPCVD) method. 21 Four gratings in each type of fiber are imprinted: two of type I and two of type IIa. Gratings 3 mm in length are imprinted at the same exposure dose for the corresponding grating type with the help of a CL5000 ArF excimer laser radiation at a wavelength of 193 nm, with the fluence per pulse of 150 mJ͞cm 2 .
The pulse duration and repetition rate are ϳ8 ns and 100 Hz correspondingly. All in-fiber gratings are written with the help of the same phase mask from Ibsen Photonics with a period of ⌳ pm ϭ 1070 nm. Note that no hydrogen loading prior to the gratings' writing is carried out.
Experiments are carried out in two stages. During the first stage, a fiber sample with a grating is put and kept for 330 h in the vessel with molecular hydrogen at room temperature and at a pressure of 8 MPa. This time is quite enough to saturate fibers with the standard 125 m outer diameter. 6, 22 The molecular hydrogen concentration in the saturated sample is no less than 1 mol. % ͑ϳ10 20 cm
Ϫ3
͒. The Bragg gratings' transmission spectra are recorded by an Agilent 86140B spectrum analyzer connected to a PC. At the saturation stage, spectra are automatically registered at equal periods of time and filed by the PC.
During the second stage, Bragg gratings still kept in a hydrogen atmosphere at an unchanged pressure are subjected to isochronal annealing cycles at fixed temperatures. At the beginning of each cycle, the gas temperature in the region of the grating is quickly increased from the room value to a predetermined level and remains unchanged at this level for 6 h within the inaccuracy of the temperature controller. After that, a heater is switched-off, the temperature decreases to a room value in the regime of a switchedoff furnace, and in ϳ15 h the transmission spectrum of a so-annealed Bragg grating is recorded. Then the 6 h annealing cycle is repeated at a more elevated temperature.
Samples 1, 2, 5, and 6 (see Table 1 ) are used in the experiments with hydrogen. Samples 3, 4, 7, and 8 are not saturated with hydrogen, and are subjected to annealing in air by the same scenario.
Results
Figures 2 and 3 illustrate the variation of the grating parameters caused by the penetration of H 2 molecules in the fiber at room temperature. As seen from Fig. 2 , the dependence on time of B and, according to Eq. (1), of n eff corresponds well to the H 2 concentration increase in the core region controlled by hydrogen diffusion through the cladding. 8 Two circumstances, however, should be noted. The first one consists of the fact that for gratings in the Gedoped silica-core fiber, ⌬ B ͑t͒ curves, where t ϭ time, are saturated at larger values of ⌬ B sat as compared to the same curves for gratings in the N-doped silica fiber, with external hydrogen pressure being equal. Moreover, ⌬ B sat for the type IIa grating is greater than for the type I grating. This can mean that induced Bragg structures written in Ge-doped silica fibers can accumulate at least a twice greater amount of molecular hydrogen than their counterparts in the N-doped silica fibers. This agrees with the data of Ref.
6. There, the hydrogen accumulation capacity of the type IIa gratings is greater than that of the type I gratings. It is particularly seen in Ge-doped silica fibers.
Parallel to the B shift, some decrease in the refractive index modulation amplitude of a type IIa grating written in the Ge-doped fiber in the course of hydrogen loading occurs (Fig. 3) . The decrease of NICC can be explained assuming, when entering the core region, that hydrogen nonuniformly distributes along the grating. Namely, the H 2 concentration increases in parts of the core where the effective refractive index is smaller. This explanation seems quite natural when the photoinduced structure of the type IIa gratings in the Ge-doped fibers is accompanied by a glass density modulation along the fiber core. 23 If this takes place, dilated parts of the fiber core with a smaller refractive index are able to accumulate more H 2 
The second point is associated with the behavior of the gratings' characteristics in the N-doped fiber. The effect is an anomalous line in B and NICC behavior ϳ20 h after putting the gratings in the H 2 ambience. This time interval corresponds to the arrival of the first portion of H 2 molecules to the fiber core via diffusion through cladding at room temperature.
The effect is most clearly defined through the temporal evolution of the NICC (Fig. 3) . It is seen that on the arrival of the hydrogen molecules in the core region, the contrast of the type IIa grating increases by ϳ12%, whereas the contrast of the type I grating decreases by ϳ28%. As hydrogen enters the fiber core region, these changes occur rather quickly, and already are almost totally completed in 40 h after the beginning of hydrogen loading, when no more than 10% of the upper limit of the H 2 concentration is available in the core via the diffusion through the cladding. In such a way, all the observed index changes in this time period involve no more than 10 19 cm Ϫ3 hydrogen molecules. Changes in the gratings' contrast are accompanied by shifts of B to shorter wavelengths both for type I and type IIa gratings, although, for the type I grating, the shift is significantly smaller (Fig. 2) . By Eq. (1), the decrease of B corresponds to the decrease of n eff . This effect is irreversible. It is verified that the gratings' characteristics do not return to their initial values with a hydrogen outcome.
Figures 4 and 5 illustrate the changes in the parameters of the Ge-doped fiber gratings saturated with hydrogen at room temperature. These changes result from subsequent 6 h stepwise annealing cycles carried out in H 2 ambience at fixed temperatures. Data on counterpart gratings that are not loaded with H 2 annealed in air are presented in these figures for comparison.
Let us consider the change of the NICC first (Fig. 5 ). Up to a temperature of T ϳ 200°C, annealing cycles in air and in hydrogen ambience similarly affect the gratings' refractive index modulation amplitude. The effect is limited to a slight increase of the type IIa grating contrast and a similar decrease of the type I grating contrast. Differences in NICC behavior start to occur at T Ͼ 200°C. At these temperatures, annealing cycles in hydrogen ambience lead to the contrast enhancement of the type I grating, which at 400°C becomes 1.5 times greater than its initial value. An opposite response demonstrates the type IIa grating. It is seen, in particular, that, when annealed in hydrogen ambience, NICC decreases by a factor of 5 as compared to the initial value and by a factor of 6 as compared to the value correspondent to a similar annealing cycle in air.
Let us consider now the behavior of B (Fig. 4 ). An observed shift of resonance wavelengths to the blue region at annealing temperatures Ͻ200°C occurs somewhat faster in hydrogen ambience for both types of grating. This can be associated with a partial outcome of H 2 molecules from glass brought about by a decrease of the gas density in a heated volume of the vessel. The hydrogen outcome leads to a decrease of n eff and hence of B according to Eq. (1). Although the time intervals between the completion of the annealing cycles and the gratings' spectra readouts last no less than 15 h, it is possible that H 2 concentration in the core region has no time to restore to a roomtemperature equilibrium value by the time of the spectrum recording. However, the most considerable changes of B occur as the result of annealing cycles at temperatures exceeding 200°C. In both types of gratings, B significantly shifts to a long wavelength region in the course of the annealing cycles at higher temperatures. The maximum shift amounts to 7.7 nm, which corresponds to the enhancement of n eff by 7 ϫ 10
Ϫ3
. This value is an order of magnitude greater than the reversible B shift related to the room-temperature hydrogen loading of a fiber considered above (Fig. 2) .
The behavior of N-doped fiber gratings' parameters in similar annealing cycles is different. First of all there is no significant effect of hydrogen ambience on the NICC when annealing type IIa gratings. The grating of type I, however, decays much faster in hydrogen ambience than in air if annealing is applied (Fig. 6) . Unlike Ge-doped fiber gratings, annealing in hydrogen ambience leads to a slight shift of B to shorter wavelengths in the whole range of temperatures (Fig. 7) . As well as for Ge-doped fiber gratings at T Ͻ 200°C, this can be explained by a partial outcome of H 2 from the glass caused by the ambient gas rarefaction as the temperature increases. This can also explain nonuniformities in the B line at 200°C and 400°C, insofar as data for these points of the plot are based on spectra recorded after a 60 h stay of the grating at room temperature after completion of the previous annealing cycle.
Discussion
As seen from Table 1 , the waveguide properties of both types of fiber used in our experiments for Bragg grating writing are similar. Practically identical laser fluence and close irradiation doses are necessary to achieve the required grating contrast when inscribing gratings into the given fibers. However, fabricated gratings respond differently to hydrogen loading and subsequent heat treatment in H 2 ambience. This testifies to a particular mechanism of grating formation for each type of fiber investigated. Let us consider these specific features in more detail.
A. Hydrogen Effect on the Behavior of Bragg Gratings Written in N-Doped Fiber
A partial contrast decay of the type I grating and an enhancement of the type IIa grating in the N-doped fiber already observed at room temperature resulting from the appearance of H 2 molecules in the core region is likely caused by the molecular hydrogen interaction with active, nitrogen-associated, presumably paramagnetic centers formed in the core glass under UV irradiation. In Ref. 5 we can find the classification of such centers and their thermochemical properties in N-doped silica. As shown in this reference, the SiOO bond is stronger than the SiON bond. It favors nitrogen-associated paramagnetic center formation under UV irradiation. It is to be assumed that the reactions of such centers with molecular hydrogen mainly result in the formation of SiONH groups. The upper limit of the photoinduced center concentration can be estimated through the concen- The entrance of hydrogen in the core regions causes an increase of the NICC in the type IIa grating, which is three times smaller than a decrease of the NICC in the type I grating, caused by such penetration (see Fig. 3 ). This is explained by an initial contrast of the type IIa grating that is approximately three times larger; i.e., absolute changes of ␦n eff in both cases are the same. In both types of grating, B shifts toward shorter wavelengths, which testifies to the n eff decrease.
A contrast decrease of the type I grating indicates that molecular hydrogen cures the changes in structure, which could be associated with photoinduced compaction 26 or larger susceptibility defect formation. 27 This fact also correlates with the experimental results of Leconte, 13 demonstrating that hydrogen loading damps photosensitivity in N-doped fibers.
A contrast enhancement of the type IIa grating shows that another mechanism is responsible for its formation. This mechanism works opposite to the processes responsible for the type I grating formation. Hence the decay of the type I grating component contribution automatically leads to the contrast enhancement of the type IIa grating. The process of the type IIa grating formation under irradiation takes place simultaneously with the formation of the type I grating and defects but runs more slowly as a function of dose. The formation of a longitudinal periodic structure in the doping profile (a core corrugation) by means of photoenhanced nitrogen diffusion out of the irradiated parts of the core can be attributed to such a process. 16 The variation of the gratings' characteristics resulting from subsequent annealing in hydrogen ambience also favors the considerations regarding the origin of refractive index change mentioned above. A faster, if compared to annealing in air, decay of the type I grating means that hydrogen molecules participate in the thermally activated relaxation of photoinduced nitrogen-associated centers enhancing this relaxation rate. It is important to note that on heating, hydrogen immediately manifests itself in this process, whereas a thermally activated molecular hydrogen interaction with nonirradiated glass of the core manifests itself at our monitoring time scale only at temperatures of ϳ400°C and higher. 6 Type IIa grating annealing in hydrogen ambience brings almost no changes to NICC behavior. It proves that this type of grating formation is not related to the appearance of active interaction with H 2 molecule defects in glass. 
B. Hydrogen Effect on the Behavior of Bragg Gratings Written in Ge-Doped Fiber
Isochronal annealing in a hydrogen ambience manifests itself in the form of irreversible changes of the NICC and B only at temperatures exceeding 200°C. Unlike gratings written in the N-doped fiber, hydrogen loading at room temperature does not lead to significant and irreversible changes in the characteristics of both grating types.
The lack of an immediate effect of hydrogen penetration in the core region on the gratings' NICC means that either hydrogen does not cause the relaxation of photoinduced stresses as it should in accordance with Ref. 1 or appearance of these photoinduced stresses as such according to Ref. 10 does not play a key role in the refractive index gratings' formation in the fiber type under consideration.
The active effect of the dissolved hydrogen on the behavior of the gratings' characteristics is related to a thermochemical H 2 interaction with oxygen in a SiO 2 network. According to Ref. 6 , this interaction results in the formation of GeOOH and SiOOH groups as the temperature elevates. It is known 4 that such groups' formation leads to an increase in the glass refractive index. Whereas in our experiments annealing in hydrogen ambience leads to an increase of the NICC for the type I gratings and a decrease for the type IIa gratings, and B shifts to longer wavelengths in both cases, one can conclude that H 2 molecules primarily enter into reactions with glass in irradiated parts of the fiber core. Indeed, in the type I gratings, the average refractive index n eff increases due to an enhancement in irradiated parts. Hence the further refractive index increase in the irradiated parts leads to the increase of the grating's contrast. Conversely, when writing the type IIa gratings' average refractive index, n eff decreases due to the decrease in the irradiated parts. That is why refractive index enhancement in the irradiated parts leads to a contrast decrease in the type IIa grating.
At a further increase of the annealing temperature, a hydrogen interaction with glass in the nonirradiated parts of the core also starts to occur. The contrast is enhanced again for the type IIa grating and decays abruptly for the type I gratings. At the same exposure dose, for both types of gratings, the average refractive index n eff increases, and B continues to shift toward longer wavelengths.
The abrupt initial decrease in the contrast of the type IIa grating beginning at approximately 300°C caused by a thermochemical interaction with hydrogen agrees with the known fact that hydrogen loading of Ge-doped fibers prevents type IIa grating formation. 28 
Conclusion
The dynamics of changes in the Bragg grating transmission spectra caused by the gratings' saturation and the subsequent isochronal annealing in the molecular hydrogen ambience leads us to the following conclusions. In nitrogen-doped silica-core fibers, the penetration of molecular hydrogen in the region of the fiber core at room temperature leads to the contrast enhancement in the type IIa gratings and the contrast decay in the type I gratings. These changes in the gratings' contrasts are irreversible, i.e., are present after the hydrogen outcome. Subsequent annealing of saturated fibers in H 2 ambience causes the accelerated decay of the type I gratings and does not affect the decay of the type IIa gratings if compared to annealing in air.
In germanium-doped boron-codoped silica-core fibers, the type IIa grating is able to accumulate, by a factor of 1.5, more H 2 molecules at room temperature as compared to the type I grating. As this takes place, the saturation with hydrogen does not lead to irreversible changes in gratings' spectra at room temperature. An abrupt growth of the type I grating's contrast and a significant decrease of the contrast in the type IIa grating result from subsequent annealing of these gratings in a hydrogen ambience. These changes start to occur at an annealing temperature of 200°C and reach maximum values at 400°C. Annealing at higher temperatures leads to the partial restoration of the gratings' contrasts.
The peculiarities of the gratings' responses to heat treatment in a hydrogen ambience speak for a significant difference in the mechanisms of refractive index Bragg structure formation in the considered fiber types.
